Treatment of tetraphenyldistibine (1) with terminal arylacetylenes, XC 6 H 5 C≡CH (2a-c, X = H, F, OMe), gave the corresponding anti-addition products (E)-aryl-1,2-bis(diphenylstibyl)ethenes 3a-c in 11 -17 % yields. A similar reaction of 1 with 1,4-diphenylbutadiyne provided (E)-1,4-diphenyl-1,2-bis(diphenylstibyl)but-1-en-3-yne (3d) in 28 % yield. X-Ray diffraction studies on crystals of 3a, 3b and 3d revealed a congested configuration around the ethylene core. The optical properties of the adducts 3a-d were examined by measuring UV absorption and photoluminescence spectra. Interestingly, 3d showed phosphorescence in the solid state, which was enhanced at low temperature.
Introduction
Organic Sb-Sb bonds are usually highly reactive and readily undergo atmospheric oxidation unless sterically bulky groups, such as t-Bu, CH 2 SiMe 3 , Ph, and Mes, are present at the Sb atoms for kinetic stabilization [1 -3] . The insertion of low-valent transition metal compounds into Sb-Sb bonds [4, 5] and the homolytic cleavage leading to stibyl radicals in the presence of organic radical initiators [6] have been reported. However, only a limited number of chemical reactions involving Sb-Sb bonds are known. Naka and coworkers reported an interesting polymerization of pentaphenylcyclopentastibine (PhSb) 5 with dimethyl acetylenedicarboxylate MeO 2 CC≡CCO 2 Me induced by AIBN [7] . The polymerization proceeded smoothly via a radical process to provide a polymer consisting of alternating dimethyl ethenylenedicarboxylate and phenylstibylene units (Scheme 1), as the sole example of the distibylation of unsaturated carbon-carbon bonds. To date, there is no example for the simple addition reaction of organodistibine to unsaturated carboncarbon bonds, despite the fact that a similar diphosphination reaction of acetylene with diphosphines has been studied under several conditions as a direct route to diphosphanyl compounds, which may be used as bidentate ligands [8 -10] . The diarsination reaction of acetylene is also rare [7] .
In this paper, we report for the first time the distibylation of unsaturated carbon-carbon bonds with distibine. Terminal arylacetylenes and diphenylbutadiyne react readily with tetraphenyldistibine to give anti-adducts. This reaction offers a single-step route to (E)-bis(diphenylstibyl)ethenes. Although some odistibylbenzenes have been prepared [11 -16] , they require multiple steps for synthesis, and no practical method leading to linear bis(diphenylstibyl)ethenes has been demonstrated [11] . The crystal structures of three bis(diphenylstibyl)ethenes were determined by X-ray diffraction analyses. Their optical proper-Scheme 1. Formation of a stibylene-ethenylene polymer [7] . ties were also investigated, and solid-state phosphorescence was noted for the adduct derived from 1,4-diphenylbutadiyne.
Results and Discussion

Reactions of tetraphenyldistibine (1) with acetylenes
Treatment of tetraphenyldistibine (1) with 10 equiv. of phenylacetylene (2a) at 60 • C for 2 h, followed by recrystallization of the product from toluene afforded 1 : 1 the anti-adduct (E)-1,2-bis(diphenylstibyl)phenylethene (3a) in 15 % isolated yield, as shown in Scheme 2. Carrying out the reaction with 1 equiv. of 2a in toluene did not alter the results. The low yield was due to the difficult purification 3a, and direct NMR analysis of the reaction mixture revealed no signals ascribable to other major products. Indeed, the yield of 3a as estimated from the 1 H NMR spectrum of the reaction mixture using mesitylene as the internal standard was approximately 70 %. No Zisomer was formed in this reaction. Distibine 1 also reacted with p-fluoro-and p-methoxyphenylacetylene (2b and 2c) to give selectively the anti-adducts 3b and 3c, respectively.
Similar reactions of 1 with 1-and 4-octyne, diphenylacetylene, dimethyl acetylenedicarbonate (DMAC), and (trimethylsilyl)acetylene did not proceed at all even at 100 • C, and the reactants were recovered unchanged. Distibine 1 did also not react with styrene or 2,3-dimethylbutadiene. In contrast, 1 reacted smoothly with 1,4-diphenylbutadiene (2d) to give adduct 3d in 28 % isolated yield, which was higher than those of 3a-c, presumably reflecting the higher crystallinity of 3d. Compounds 3a-d are stable in air as solids, but undergo air oxidation slowly in solution to give complex mixtures, including an insoluble colorless powder. The chemical structures were verified by MS and NMR spectroscopy, and the (E)-configuration was confirmed by single-crystal X-ray diffraction studies (vide infra). The reaction mechanism of the present distibylation remains unclear. However, the fact that the addition reactions proceeded smoothly regardless of the substituent on the phenyl ring (X) and the inertness of the inner acetylenes and the terminal alkyl-and silylacety-lene towards the addition of 1, seems to indicate that a radical process, including the formation of a diphenylstibyl radical, is involved in the reactions. This contrasts a similar diphosphination of acetylenes with diphosphine, which requires UV irradiation or radical initiators to promote the reaction. One exception is the addition of diphosphines to DMAC. In that reaction, the nucleophilic addition of diphosphines occurs at the acetylene carbon to give zwitterionic intermediates that are stabilized by delocalization of the anionic charge over the ester unit, from which migration of the diphenylphosphinyl group takes place to give the syn-adducts, (Z)-isomers [8] . In the present case, however, distibine 1 did not react with DMAC, and only (E)-isomers were obtained from 2a-d with complete stereoselectivity, thereby excluding the possibility of the nucleophilic addition mechanism.
Crystal and molecular structures of the bis(diphenylstibyl)ethenes 3a, 3b and 3d
Compounds 3a, 3b and 3d were recrystallized from toluene to afford single crystals suitable for X-ray diffraction studies. In Fig. 1 , showing the ORTEP drawings of the compounds, the congested configurations around the ethylene cores become obvious. Selected bond lengths, angles, and torsion angles are listed in Table 1 . The twisting of the ethylene units is likely Fig. 1 (color online) . ORTEP drawings of 3a, 3b and 3d (from top to bottom). Displacement ellipsoids are drawn at the 50 % probability level. due to the steric repulsion between the bulky substituents. The smallest torsion angle of Sb1-C1-C2-Sb2 = 167.1(3) • is seen in 3b. The large angles of Ph-C1-C2 in 3a, 3b and 3d and of C1-C2-Sb2 in 3a and 3b are also indicative of the steric repulsion between phenyl and diphenylstibyl units located in a cis fashion. The ethylene C=C distances in 3a and 3b are within the standard range (average distance for trisubstituted ethenes: 1.326 Å, aryl ethenes: 1.339 Å) [15] . The structure parameters involving the Sb atoms are also in the normal range with slight deviations from the standard angles of p-bonded substituents, again reflecting the steric repulsion between the substituents. In fact, it has been reported that the less congested 
Optical properties of the bis(diphenylstibyl)ethenes 3a-3d
The optical properties of the bis(diphenylstibyl)-ethenes 3a-d were examined by measuring the UV absorption and photoluminescence (PL) spectra. Fig. 2 presents the spectra measured in THF at room temperature. The UV spectra of 3a-c show shoulders around 260 -290 nm, together with the major absorption bands at approximately 250 nm. The wavelengths of the major absorption bands are similar to that of Ph 3 Sb (λ max = 258 nm in THF), and they are ascribed to the diphenylstibyl units. On the other hand, Fig. 3 (color online) . HOMO and LUMO profiles and energy levels of 3a, derived from DFT calculations at the B3LYP/LANL2DZ level of theory.
the shoulders at longer wavelengths seem to be due to the bis(diphenylstibyl)ethylene cores. Fig. 3 shows the HOMO and LUMO profiles of 3a, which are derived from quantum-chemical calculations at the B3LYP/LANL2DZ level of theory. The profiles indicate the contribution of the Sb orbital to both HOMO and LUMO. The phenyl ring on carbon is nearly perpendicular to the ethylene core unit and has little orbital interaction in the HOMO, and the phenyl orbital is to some extent only involved in the LUMO.
The absorption bands of 3d appear at lower energies than those of 3a-c, reflecting the longer conjugation of the diphenylbutenyne system. To understand the influence of the stibyl substitution in 3d, we prepared 1,4-diphenylbut-1-en-3-yne (4). In contrast to 3d which shows rather sharp absorption bands, a broad absorption band centered at λ max = 318 nm is observed for 4, accompanied by a small shoulder at approximately 337 nm. Although the reason for the sharp bands of 3d
is not yet clearly understood, it can be said that the bulky diphenylstibyl substituents restrict the molecular vibration and are therefore partly responsible for the spectral shape. Fig. 4 shows the HOMO and LUMO profiles of 3d and 4, derived from DFT calculations. Both HOMO and LUMO of 4 are well delocalized over the diphenylbutenyne unit. In contrast, the phenyl p-orbital on the ethylene carbon of 3d is involved in the HOMO to a certain extent, whereas its contribution to the LUMO is rather limited, similar to those of 3a (Fig. 3) . Although orbital interaction between the diphenylstibyl substituents and the diphenylbutenyne core is clearly seen in the HOMO and LUMO profiles of 3d, a twist of the Ph-C=C unit would lead to a larger HOMO-LUMO gap for 3d than for 4.
As shown in Fig. 2 the present bis(diphenylstibyl)-ethenes exhibit photoluminescence (PL), although the Fig. 4 (color online). HOMO and LUMO profiles and energy levels of 4 (top) and 3d optimized in the gas phase (middle), and 3d with the geometry determined by X-ray diffraction (bottom), derived from DFT calculations at B3LYP/LANL2DZ level of theory.
PL quantum yields are low (Φ < 2 %). The PL spectrum of compound 3d shows a broad band centered at approximately λ max = 430 nm, its wavelength being longer than those of 3a-c (λ max = 300 -320 nm) and 4 (λ max = 370 nm). Interestingly, the PL band of 3d is even more red-shifted when measurements are carried out on solid 3d. Since no important intermolecular interactions are observed in the crystal structure of 3d, the reason for the redshift is not yet known. It is possible that there is a higher degree of conjugation in the crystal than in solution. However, single-point energy calculations of the crystal structure of 3d reveal a larger HOMO-LUMO energy gap (4.24 eV) than that of the fully optimized structure in the gas phase (4.08 eV, see Fig. 4 ). Interestingly, as presented in Fig. 5 , the solid-state PL band of 3d is markedly intensified as the temperature is lowered, and that characteristic is common to phosphorescence bands. As shown in Fig. 6 , the PL decay plot obtained at 80 K fits well the two-component curve with τ 1 = 0.18 µs (30 %) and τ 2 = 1.0 µs (70 %). Although solid-state PL is usually complicated because of energy migration, the data clearly indicate that the PL band is ascribed to phosphorescence.
In conclusion, we have demonstrated that the addition of distibine to terminal arylacetylene or diphenyldiyne proceeded smoothly in an anti fashion to provide (E)-bisstibylethenes. (E)-Bisstibylbutenyne 3d showed phosphorescence in the solid state. The Sb heavy-atom effects and the highly rigid structure arising from the congested environment around the diphenylbutenyne chromophore seem to be responsible for the phosphorescence.
Experimental Section
All reactions were carried out in dry argon. Distibine 1 [6] and 1,4-diphenylbut-1-en-3-yne [18] were prepared as reported in the literature. NMR spectra were recorded on a Varian 400-MR spectrometer. High-resolution APCI mass spectra were measured on a Thermo Fisher Scientific LTQ Orbitrap XL spectrometer at N-BARD, Hiroshima University. Room-temperature UV/Vis absorption and PL spectra were measured on Hitachi U-3210 and Horiba FluoroMax-4 spectrophotometers, respectively. Measurements at low temperature (77 -300 K) were performed with a nitrogen cryostat (Oxford Instruments, Optistat DN) and a temperature controller (Oxford Instruments, ITC 502S), or with a CoolSpeK UV temperature controller (Unisoku Co. Ltd., USP-203-A). Emission life times were measured on a Spec Fluorolog3ps instrument with a lightsource of nanoLED 370 nm (pulse width = 1.5 ns).
(E)-1-Aryl-1,2-bis(diphenylstibyl)ethenes 3a-3d
To a 5 mL Schlenk tube was introduced a mixture of 1.10 g (2.00 mmol) of tetraphenyldistibine (1) 
